Abstract: Performance of multistage interference cancellation (MIC) and three combining techniques, i.e., multipath decorrelating (MIC-DECO), optimum combining (MIC-OPTM), and Rake combining (MIC-RAKE) for asynchronous QPSK/ DS/CDMA over frequency-selective multipath Rayleigh fading channels is studied.
Introduction
Multistage interference cancellation (MIC) has been proposed to suppress the multiple-access interference (MAI) and the self interference (SI) for Direct-Sequence Code-Division Multiple Access (DS/ CDMA) systems in multipath fading channels [1] [2] [3] [4] [5] , where to collect the fading replicas combining techniques can be used.
To obtain a better understanding of various combining techniques, this paper presents a performance analysis of the MIC with three combining techniques, i.e., multipath decorrelating (MIC-DECO), optimum combining (MIC-OPTM) [6] , and Rake combining (MIC-RAKE) [1] for a QPSK asynchronous DS/CDMA system over frequency-selective, Rayleigh multipath fading channels. The probabilities of bit error for the MIC-DECO and MIC-OPTM are derived by using the characteristic function method. In the derivation, Gaussian approximation method is used to model the multiuser and multipath interferences. The analysis also includes the effect of channel estimation error. Simulation results are shown in a good agreement with the analytical results. It is shown that the MIC-DECO can provide a good performance close to that of an ideal single-user system and outperforms the MIC with the full SI cancellation (MIC-FSI) [2, 3] even in the presence of the channel estima-
System Description
Consider a QPSK asynchronous DS/CDMA system with Ã active users over a frequency-selective multipath Rayleigh fading channel. At the receiver, multistage interference cancellation is adopted to remove the multiple access interference (MAI) and the partial self-interference (PSI) [4] . Over Ä Ù fading paths, the output signal in the -th stage canceler can be written as,
where Ê × is an Ä Ù ¢ Ä Ù correlation matrix of the signature waveforms [4] . For each user, the corresponding correlation matrix Ê × would be different. Ù is the normalized signal power, to be zero-mean, complex-valued Gaussian random variable with unit variance and mutually statistically independent for all Ù and Ð [2, 7] . The second and third terms on the right hand side of (1) denote the residual PSI and MAI, respectively [4] . 
are correlated. If we know the correlation a priori, the optimum combining can be used by whitening the noise before combining. Moreover, if the PSI and MAI are successfully removed, the noise vector in (2) reduces to ´Ùµ Ò . As a result, the optimum combining becomes a well-known Rake combining (MIC-RAKE) [1, 5, 7] . A general form for the combined output signal ´Ùµ Ò´ µ in the -th stage can be given by
where «´Ù µ is the vector for the estimated channel parameter [2] .
From the above discussion, the expression in ( 
Performance Analysis
Without loss of generality, we assume that all the symbols are transmitted with equal probability and consider user Ù as the user of interest with ´Ùµ Ò =0. For the sake of notational simplicity, the indices n, u, i of ´Ùµ Ò´ µ are omitted whenever there is no ambiguity.
We first consider a general combining output, i.e.,
where denotes the normalized signal power, denotes the Ä-dimension signal vector, and denote two Ä-dimension noise vectors. The elements in each vector of , , and are statistically independent and the vectors , , and are mutually statistically independent. We let
As a result, with Gray coding, the bit error rate (BER) of QPSK can be given by [8] È
where¨´ µ denotes the CF of Re¨ © . Ô denotes the set of poles of¨´ µ in the upper half plane (Im( ) 0) and Res ´ µ Ô ℄ the residue of ´ µ at Ô . By using Eq.B-5 of [7] , the CF of Re can be derived as¨´
Next, we will use the formula in (5) to evaluate the performance of the MIC-DECO and MIC-OPTM.
In the MIC-DECO scheme, the combining output can still be obtained by (4) with It is noteworthy to mention that £ Û´ µ in (8) is different from that in (7) except for =0 (in the initial stage).
Illustrative Results
This section presents several numerical and simulation results on the BER performance of the MIC-DECO, MIC-OPTM, and MIC-RAKE in QPSK asynchronous CDMA system over multipath Rayleigh fading channels.
For comparison, the BERs of the MIC with the full SI cancellation (MIC-FSI) [2, 3] are also provided. Without loss of generality, we assume the first user to be the user of interest.
We consider Gold sequences with AE=31 as the PN codes and identical fading channels (½ ¾E «´Ù In the following, we first consider the performance of the MIC with perfect channel knowledge, where we let MIC-denote the -th stage MIC. ½¼ , as compared to the MIC-FSI-1. Similar results were obtained by the MIC-RAKE [4] . From the figure, we also note that the analytical results agree well with simulation ones especially for the case of the MIC-DECO-0.
Perfect channel knowledge
Apart from this, we can see that in the multiuser system (Ã ¿) and for ¼, due to the effective subtraction of the interference, the canceler output is similar to that in the single-user system and thus the MIC-RAKE-1 conducts better than the MIC-DECO-1 as shown in the figure. However, the performance difference is very small (approximately 0.5dB at the level of BER=½¼ ). When there is no interference cancellation (at the stage 0), both the MIC-RAKE-0 and the MIC-DECO-0 are not optimum and the MIC-DECO-0 has a slightly better performance than the MIC-RAKE-0 at high SNR (SNR 15dB).
In Fig. 2 , we plot the analytical and simulation results on the BER of the MIC-DECO and the MIC-OPTM in a multi-user system with SNR=20dB over a 2-path Rayleigh fading channel versus the number of users.
It shows that in the presence of multiple users, the MIC-DECO-1,2 still outperforms the detector without interference cancellation (MIC-DECO-0) and provides a performance close to that of the MIC-OPTM-1,2.
Besides, it can be seen that for stage ¼, the analytical results agree well with the simulation ones for small Ã (number of users). As Ã increases, deviation may occur. A possible explanation for this is that when Ã becomes large, the MAI also increases and thus the correlation between the decision variables in the previous stage becomes larger. When we ignore such correlation in evaluating the covariance matrices of the residual interference [2] [3] [4] , performance difference occurs especially for large Ã. Note that in the 0-th stage, no such problem occurs because there is no interference cancellation.
Effect of channel estimation error
We assume the variance of the channel estimation to be the same for all Ð and , and denoted by ¾ .
In Fig. 3 , we consider the MIC-DECO and the MIC-RAKE in a 3-user system with SNR=20dB over Ä-path Rayleigh fading channels. ¾ =0.01. We assume that the detector knows the number of paths so that Ä-diversity Finally, we consider long PN codes for each user where the PN sequence is the combination of a long PN sequence plus two in-phase and quadrature PN sequences as specified in [9] . Unlike the Gold sequence, the long PN sequence is time-varying and different from symbol to symbol. The number of chips per symbol is still set to AE ¿½. Here, we focus on the MIC-RAKE since it has a better performance and lower complexity than the MIC-DECO. The results for the MIC-FSI and MIC-RAKE in a multiuser system over a 2-path Rayleigh fading channel are shown in Fig. 4 . Perfect channel knowledge is assumed. From Fig. 4 , we can see that with the long PN codes, the MIC-RAKE outperforms the MIC-FSI. 
